The extent to which the transition to agriculture in Europe was the result of biological (demic) diffusion from the Near East or the adoption of farming practices by indigenous hunter -gatherers is subject to continuing debate. Thus far, archaeological study and the analysis of modern and ancient European DNA have yielded inconclusive results regarding these hypotheses. Here we test these ideas using an extensive craniometric dataset representing 30 hunter -gatherer and farming populations. Pairwise population craniometric distance was compared with temporally controlled geographical models representing evolutionary hypotheses of biological and cultural transmission. The results show that, following the physical dispersal of Near Eastern/Anatolian farmers into central Europe, two biological lineages were established with limited gene flow between them. Farming communities spread across Europe, while hunter -gatherer communities located in outlying geographical regions adopted some cultural elements from the farmers. Therefore, the transition to farming in Europe did not involve the complete replacement of indigenous hunter-gatherer populations despite significant gene flow from the Southwest Asia. This study suggests that a mosaic process of dispersal of farmers and their ideas was operating in outlying regions of Europe, thereby reconciling previously conflicting results obtained from genetic and archaeological studies.
INTRODUCTION
The transition to agriculture in Europe has been subject to intense debate for over a century, with the major controversy centring on the extent to which it involved the acculturation of indigenous (Mesolithic) hunter -gatherer populations [1] or the replacement of hunter -gatherers by (Neolithic) farmers dispersing from the Near East [2] . These contrasting demographic models are often referred to as the cultural diffusion and demic diffusion models, respectively [2, 3] . Archaeological studies of Mesolithic and Neolithic sites [4] and analyses of modern European genetic variation [5] [6] [7] [8] [9] [10] [11] [12] have yielded diverse and often conflicting conclusions regarding this process. Recent ancient DNA studies have also provided inconsistent results regarding the biological relationship between Mesolithic and Neolithic populations [13 -19] , suggesting that the demographic transition was not uniform across Europe but rather represents a mosaic of population replacement, admixture and adoption of farming practices by indigenous populations. Not all genetic haplotypes found in ancient Mesolithic and Neolithic populations survive in modern European populations, indicating that post-Neolithic migrations and expansions have diluted the genetic legacy of earlier populations (cf. [15] ).
It has been demonstrated [3] that in the case of central and southeast Europe, Mesolithic and Neolithic craniometric data support a model of demic diffusion. These results are in agreement with the archaeological record which attests that farming emerges in central Europe in the form of a 'Neolithic package', including pottery and a subsistence strategy reliant on domesticates originating in the Near East/Anatolia (e.g. [20] ). Thus, the best fit model for the initial transition to agriculture in Europe is one of demic diffusion from Southwest Asia, rather than the gradual adoption of Neolithic economy and culture by local hunter -gatherer groups (e.g. [3, 7, 11, 19, 21] ).
Conversely, the transition to farming in the outlying regions of Europe was probably a more complex and lengthy process involving acculturation of local huntergatherer groups [22 -26] . The archaeological record of these areas indicates a deceleration in the spread of farming, which may have been owing to higher population densities of Late Mesolithic hunter -gatherers [22, 24] . Additionally, seasonal differences in climate, poor soils and dense forest were perhaps not favourable for a subsistence strategy originating in the semi-arid regions of Southwest Asia. A frontier between fully agricultural societies such as the Linienbandkeramik (LBK) and late hunter -gatherer groups could have resulted in a long 'substitution' phase whereby hunter -gatherers selectively integrated some cultigens and domestic livestock into their subsistence base, as well as began to use pottery [22, 26] . In southern Scandinavia, the archaeological evidence strongly supports a model of indigenous transition of late hunter -gatherer Ertebølle to a fully Neolithic TRB (Funnel Beaker Culture) economy [24] , although analysis of ancient DNA tells a different story [17] . In the circum-Baltic area, a number of 'Forest Neolithic' cultures emerged during the seventh millennium BP, continuing the Mesolithic hunting -gathering -fishing lifestyle by incorporating wild fauna and edible plant species into their diets but also living in semi-permanent locales [23, 26] .
Here, using a large metric dataset of 542 Mesolithic and Neolithic crania, we test whether the spread of agriculture to outlying regions (particularly the circumBaltic region) followed a model of population dispersal or the adoption of farming practices by indigenous Mesolithic populations. There is now a growing body of literature (e.g. [27 -32] ) demonstrating that global human cranial variation is best explained by a neutral microevolutionary model of mutation and genetic drift [33] . These studies employ numerous craniometric datasets and different analytical approaches, yet all show that modern human cranial form can be considered an accurate proxy for neutral genetic information regarding population history. Studies of modern European DNA are affected by post-Neolithic gene flow and local population extinctions and, hence, simply cannot capture the relevant genetic variation. While ancient DNA studies directly sample the populations of interest, the resultant datasets are, at present, not geographically or chronologically detailed enough to model continent-wide processes. As such, the use of craniometric data offers a unique and valuable alternative means of quantifying and modelling this complex demographic shift.
MATERIAL AND METHODS
(a) Materials A dataset of 15 standard craniometric variables taken on 542 crania was compiled. These samples were divided into 30 operational taxonomic units (OTUs) (electronic supplementary material, table S1), each comprising at least 10 individuals. In all cases, an OTU comprised specimens from a single major archaeological phase. Whenever possible, OTUs were constructed using specimens from a single site (e.g. Ç atal Höyü k, Bilcze Zlote) or specimens from a well defined phase in a given region (e.g. LBK East). Sampling was constrained by uneven spatial, temporal and archaeological representativeness of certain phases, yet this dataset comprises the best available cranial samples whose archaeological contexts and skeletal preservation facilitate their inclusion in these OTUs. Fifteen of the 30 OTUs were previously employed in the study by Pinhasi & von Cramon-Taubadel [3] , thus the present dataset includes more extensive geographical (Scandinavia, the Baltic region, Eastern Europe) and temporal (11 500 -1500 BC) coverage (figure 1).
(b) Craniometric distance matrix The craniometric data comprised 15 standard calliper measurements (electronic supplementary material, table S2) taken on each skull. Given the fragmentary nature of many of these archaeological specimens, some of the data were missing from the initial database. Only crania with data present for at least 10 out of the 15 (i.e. 70%) measurements were included in the analysis [34] . Missing data were estimated in SPSS v. 16 using multiple linear regressions, within-sexes and using the specimens with a complete set of measurements within each OTU. Sex was determined on the basis of morphological traits of the pelvis (in all cases in which at least one of the os coxae was preserved) or on the basis of the skull using standard anthropological methods [35] [36] [37] . These data were then adjusted for isometric scaling by dividing each cranial variable by the geometric mean of all variables for that individual [38, 39] . A craniometric distance matrix (D-matrix) was computed for all 30 OTUs under the assumption of complete heritability (i.e. estimator of population genetic affinities based on quantitative traits. The conservative choice of h 2 ¼ 1 (i.e. minimum genetic distance) was made given the lack of population-specific heritability estimates, but the choice of heritability value does not impact the proportionate structure of the resultant D-matrix or, therefore, the results of the Mantel tests.
Two methods were employed to visualize the major craniometric affinity patterns among the OTUs. First, a principal coordinates analysis of the resulting D-matrix was conducted and thereafter, the craniometric distance matrix was subject to two linkage methods, minimum evolution [41] and neighbour-joining [42] , to generate phenetic tree topologies. While unrooted trees were generated in each case, the trees were visualized as rooted by the oldest OTU (Natufian) for visual comparability. The software MEGA v. 3.1 [43] was used to generate trees, and the software TREEVIEW v. 1.6.6 [44] was employed to modify tree figures.
(c) Hypothetical models In order to construct alternative models for the Neolithization process in Europe, OTUs were organised into five broad categories represented by different colours in figure 1: (i) three Early Neolithic/Epipalaeolithic OTUs from the Near East and Anatolia (black), (ii) six Mesolithic OTUs from across Europe (red), (iii) seven Early (older than 5000 BC) Neolithic OTUs (blue), (iv) eight Late (younger than 5000 BC) Neolithic OTUs (green), and (v) six Late Forest Neolithic OTUs (purple).
In contrast with previous studies (e.g. [45] ) we did not employ arbitrary values to model hypothesized biological distances between OTUs. Instead, we created a series of alternative models based on the evolutionary expectation that neutral (cranial) variation will follow a pattern of isolationby-geographical and temporal distance (IBD) [28, 46] . A strong linear relationship between geographical distance and neutral genetic/craniometric distance has been shown previously (e.g. [28] ). Thus, in the absence of natural selection or disruptive long-range dispersal, craniometric distance is expected to be strongly correlated with geographical distance. However, the effects of temporal variation must also be controlled for [46] . On the basis of work by Konigsberg [46, 47] , there is empirical evidence of temporal autocorrelation for craniometric data, although the exact nature of this relationship is not known. Moreover, it has been shown that under a neutral microevolutionary model, we would expect a positive significant relationship between craniometric and geographical distance, once temporal distance is controlled for [46] . Therefore, in each analysis, we compared the single craniometric D-matrix with alternative models based on pairwise geographical distances between OTUs, while simultaneously controlling for the temporal distance between OTUs [3] .
A null (neutral) model was constructed by calculating the pairwise great circle distances in kilometres between all OTUs [48] . The null model represents pure cultural diffusion, whereby the spread of agriculture to Europe is the result of the acculturation of indigenous populations (i.e. the spread of farming ideas, rather than farmers). However, the null model is unrealistic, as it has previously been shown [3] that the Early Neolithic OTUs from central Europe share close cranial affinities with Early Neolithic OTUs from Southwest Asia, congruent with a model of demic diffusion into central Europe. Therefore, the null geographical model was subsequently altered to reflect the four alternative scenarios (Models 1-4) depicted in figure 2 . Because of the need to choose arbitrary distance values to increase/decrease the craniometric affinities between pairs of OTUs, all hypothesized dispersal events were modelled as changing by 500, 1000 and 1500 km in order to investigate the effect of using different quantities. A minimum distance of 500 km was chosen as it has been noted [20] that distances of the order of at least 300-500 km should be employed to detect true instances of dispersal rather than inherent 'noise' owing to the resolution of the archaeological record. All hypothesized barriers to gene flow between OTUs were conservatively modelled as being relatively weak (500 km increase).
Model 1 (figure 2a): pairwise distances between Near Eastern OTUs 'Aceramic' and 'Ç atal Höyü k' and all later OTUs were reduced to reflect the effects of the initial demic diffusion event from the Near East. This scenario hypothesizes that Mesolithic populations were completely replaced by incoming farmers and, therefore, left no biological descendents. In addition, Forest Neolithic are considered biologically equivalent to all other 'true' Neolithic groups. Thus, Model 1 suggests that, while the initial transition to agriculture was the result of demic diffusion, subsequent diffusion of the Neolithic across Europe was purely cultural.
Model 2 (figure 2b): pairwise distances between Near Eastern OTUs Aceramic and Ç atal Höyü k and all true Neolithic OTUs were reduced to reflect the effects of the initial demic diffusion from the Near East. Pairwise distances between Mesolithic and Forest Neolithic are reduced suggesting a stronger ancestor-descendant relationship. Thus, Model 2 suggests that Forest Neolithic groups (purple) are actually acculturated hunter -gatherer populations descended from earlier Mesolithic groups (red), while late 'true' Neolithic OTUs (green) are the biological descendents of early Neolithic (blue) populations.
Model 3 (figure 2c) is the same as Model 2 but with an increase in the pairwise distances between contemporaneous Mesolithic and Early Neolithic reflecting a barrier to normal gene flow following the demic diffusion from the Near East. While both Models 1 and 2 differ in terms of the biological The temporal distance matrix was calculated as the difference in the average age (in years) of all pairs of OTUs (electronic supplementary material, table S1).
(d) Analytical methods
The congruence of the craniometric D-matrix and each of the five (null plus four alternative) geographical matrices was quantified using partial Mantel matrix tests [49] , and controlling for temporal distance as a third matrix. There is empirical evidence to suggest a positive relationship between temporal and craniometric distance within certain archaeological sites [47] , but the exact parameters of an isolation-by-space and time model are currently unclear. Therefore, we follow the methods described by Pinhasi & von Cramon-Taubadel [3] in applying a model of isolationby-geographical distance, with a correction for temporal autocorrelation, via partial Mantel tests. Mantel tests were used because matrix elements cannot be considered independent and therefore, significance was assessed via a randomization test (9999 permutations). Bonferroni correction was applied in all cases, yielding a critical a-value of 0.017 [27, 31] . All Mantel tests were performed in PASSAGE 1.1, freely available online (www.passagesoftware.net).
Dow-Cheverud tests were employed in order to ascertain whether any of the five model matrices were significantly different in their congruence with the craniometric distance matrix [50] . The null hypothesis is that the correlations between two dependent matrices (B and C) and one independent matrix (A) are equal. Therefore, if the hypothesis is rejected at p 0.05, one of the dependent matrices is significantly more strongly correlated with the independent matrix than the other. In order to control for temporal distance, each of the five geographical model matrices and the craniometric distance matrix were first regressed onto the temporal distance matrix. Thereafter, the residuals were employed as input data for the Dow -Cheverud tests. All comparisons were performed in R using a code written by Mark Grabowski and Charles Roseman. Dow -Cheverud comparisons were only performed between those alternative models that were significantly correlated with the craniometric data based on the partial Mantel tests. We add the caveat that all significance values are considered minimum values given the inherent error in the estimation of biological matrices [51] and given that Dow -Cheverud tests may be susceptible to type I errors when the data are spatially autocorrelated [51, 52] .
RESULTS (a) Population affinity patterns
Craniometric distances between OTUs are illustrated in figure 3 in the form of two phenetic trees and a plot of the first two principal coordinates. In all cases, there is a clear distinction between Early/Late true Neolithic OTUs (blue and green) and Mesolithic/Late Forest Neolithic (red and purple). Moreover, Early Neolithic populations from the Near East (black) consistently cluster with true Neolithic populations from across Europe.
(b) Correlation of craniometric distance and alternative models The results of the partial Mantel tests, controlling for temporal distance, show that craniometric distances do not fit the null hypothesis of pure cultural diffusion (table 1) , further supporting the demic diffusion model for the initial transition to agriculture. Model 1 was not significantly correlated with the craniometric data and Model 2 was significantly correlated with craniometric distance, but only when demic diffusion was modelled as being relatively strong (1000 and 1500 km). Models 3 and 4, which include gene flow barriers between Mesolithic and Neolithic lineages, were also significantly correlated with craniometric distance. Dow-Cheverud tests were used to test whether Model 4 (highest Mantel test r-value) was also significantly more likely to explain the craniometric data than Models 2 and 3 (weaker r-values). Dow -Cheverud tests found no significant difference between Models 2 and 3, but found that Model 4 explained the craniometric pattern significantly better than Models 2 and 3.
DISCUSSION
The results clearly show that the craniometric affinity patterns are best explained by a model that involves a barrier to gene flow between farming and hunter-gatherer populations. It must be emphasized that the impediment to gene flow was modelled as being relatively weak and, therefore, it is likely that the strength of the gene flow barrier between the farming and non-farming lineages was underestimated rather than overestimated. Our models figure 3) . Moreover, the fact that outlying hunter-gatherer populations adopted some cultural elements from contemporaneous farming communities suggests some cultural (and possibly biological) interaction. However, the two dichotomous lineages, clearly identifiable in the craniometric data, show that the transition to agriculture in remote regions of Europe involved a complex mosaic of demic diffusion, cultural diffusion and changes in admixture patterns.
The results presented here illustrate that the use of two opposing mutually exclusive models of demic versus cultural diffusion is an oversimplification of what was a more complicated demographic transition in Europe. They also make clear that the transition to farming in Europe did not involve the complete replacement of indigenous hunter -gatherer populations despite significant gene flow from the Near East. The use of a mosaic model of biological and cultural change also helps reconcile the conflicting results often obtained from analyses of modern DNA (e.g. [5] [6] [7] [8] [9] [10] [11] [12] ) and from archaeological studies (e.g. [4, 26] ), whereby studies suggest either demic or cultural diffusion as being the principal basis for change. Further refining this mosaic model and understanding its underlying environmental, ecological and social causes present the most important future challenge.
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